The survival of Mycobacterium tuberculosis within the human host after infection, especially within macrophages, is likely to require the activation of a number of mycobacterial genes. To identify such genes, a promoter-probe library was constructed in which fragments of M. tuberculosis H37Rv DNA were inserted upstream of a lacZ reporter gene, using an Escherichia coli-mycobacterial shuttle vector. Mycobacterium bovis Bacille Calmette-Gue! rin (BCG) was subsequently transformed with this library and 4800 BCG clones were arrayed in a 96-well microtitre format, enabling the testing of individual clones for promoter activity under a variety of conditions. From preliminary screening, 41 clones were selected that exhibited upregulation of lacZ expression when subjected to acidified sodium nitrite. Subsequent sequence analyses identified 26 of these clones as containing potential promoters. After measuring lacZ expression in BCG clones recovered from a THP-1 macrophage cell line, three genes were selected for assessment of their expression in M. tuberculosis during macrophage infection, by realtime RT-PCR. Two of these genes, Rv1265 (with unknown function) and Rv2711 (encoding the iron-dependent repressor protein IdeR), showed evidence of being upregulated within macrophages.
INTRODUCTION
Tuberculosis remains one of the most important infectious bacterial diseases in the world, yet there are many aspects of its infection process that are imperfectly understood. Although a number of candidate virulence genes have been identified, direct evidence that they are necessary for virulence is only available in a limited number of cases, e.g. katG (Zhang & Young, 1993) , rpoV (Collins et al., 1995) , isocitrate lyase (McKinney et al., 2000) , the exported repetitive protein erp gene (Berthet et al., 1998) and the putative cell entry mce genes (Arruda et al., 1993) . Central to the search for additional virulence determinants is the concept that a number of mycobacterial genes are likely to be activated or upregulated when Mycobacterium tuberculosis enters a macrophage. A variety of methods have been used for identifying mycobacterial genes that are selectively expressed within macrophages or that are identified as virulence determinants by other criteria [see, for example, Plum & Clark-Curtiss (1994) , Lee & Horwitz (1995) , Rindi et al. (1999) and Graham & Clark-Curtiss (1999) , and reviews by Gomez & Smith (2000) , Collins & Gicquel (2000) and Timm et al. (1999) ]. Promoter-probe approaches, in which random or specific fragments of mycobacterial DNA are tested for their ability to drive the expression of reporter genes such as β-galactosidase or green fluorescent protein, have been especially widely used [see, for example, Dellagostin et al. (1995) , Barker et al. (1998) , Tyagi et al. (2000) and Triccas et al. (1999 Triccas et al. ( , 2001 ].
In this paper, we describe the construction of an arrayed
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The promoter-probe vector pUS1800 (see Fig. 1 ) was derived by inserting the entire (promoterless) lacZ-coding region, amplified from pMC1871 (Promega) using a primer to insert a NarI site adjacent to the start codon, into the shuttle vector pUS1781 (G. R. Stewart, unpublished data). The lacZ gene was orientated to transcribe away from the T4 terminator. The mycobacterial origin of replication is contained on a 1n6 kb fragment derived from pAL5000 (Ranes et al., 1990 ).
Gene-library construction. An M. tuberculosis H37Rv genomic DNA preparation was divided into three aliquots and each was subjected to partial digestion with a different restriction enzyme (AciI, HpaII or TaqI). The individual digests were gel purified to generate DNA fragments of between 0n3 and 1n0 kb. These were then pooled and ligated with NarI-digested pUS1800. Epicurean Coli XL2-Blue ultracompetent cells (Stratagene) were transformed with the library and then plated onto L agar (Bacto tryptone, 1 % ; yeast 
Fig. 1.
Plasmid map of pUS1800. oriE, E. coli origin of replication (pUC19) ; oriM, mycobacterial origin of replication (1n6 kb fragment from pAL5000) ; aph, kanamycin-resistance gene (aminoglycoside phosphotransferase, Tn903) ; term, T4 transcriptional terminator ; lacZ, reporter gene, amplified by PCR from pMC1871 using a primer to introduce a NarI site adjacent to the start codon. extract, 0n5 % ; NaCl, 85 mM ; pH 7n5). Plasmid DNA was recovered from a pool of greater than 1i10& clones. M. bovis BCG Pasteur was then electroporated with the pooled, purified M. tuberculosis H37Rv plasmid library and clones were recovered on 7H11 medium containing kanamycin. A selection of 4800 individual clones was picked and arrayed in 50 96-well microtitre trays. A master library and sub-libraries of clones were stored at k70 mC.
Gene-library screening. One set of microtitre trays, containing 4800 clones, was subcultured, using a 96-pin replicator, into 7H9 broth at pH 6n6 (control), 7H9 broth at pH 5n4 (control) and 7H9 broth at pH 5n4 containing fresh sodium nitrite (0n5 mM), and also onto equivalent 7H11 agar plates. All media contained X-Gal. After incubation at 37 mC for 7 days (liquid media) or 20 days (solid media), the clones were scored for their levels of expression of β-galactosidase by visual comparison of the blue colour produced to a standard scale.
Selected clones were inoculated individually into 7H9 broth and grown at 37 mC, without shaking, for 4 days. They were then subcultured into 7H9 broth at pH 6n6 (control), 7H9 broth at pH 5n4 (control) and 7H9 broth at pH 5n4 containing sodium nitrite, as before. After 4 days incubation at 37 mC, 0n5 ml of each broth culture was removed for measurement of the optical density at 600 nm, and a further 0n5 ml sample was used for the β-galactosidase assay, as described below.
β-Galactosidase assay with Galacto-Light Plus as substrate.
For cell disruption, 0n5 ml of each mycobacterial culture was added to a Hybaid Ribolyser blue tube containing 0n5 ml PBS (NaCl, 137 mM ; KCl, 2n7 mM; Na # HPO % , 4n3 mM; KH # PO % , 1n4 mM ; pH 7n3), with fresh DTT added to a final concentration of 0n5 mM. Each sample was then subjected to shear lysis in a Hybaid Ribolyser at speed 5n0 for 45 s. The Ribolyser tubes, containing the lysed bacteria, were cooled on ice for 1 min and then stored at k80 mC, to be used at a later date. The bacterial extracts were thawed at 4 mC and then centrifuged at 15 000 g for 5 min, to sediment the cell debris. The Galacto-Light Plus (Tropix) assay was carried out, according to the manufacturer's instructions, using 20 µl of the supernatant. The initial culture density was determined either by measuring the OD '!! value or by plating out small samples of cultures on selective 7H11 media. The β-galactosidase activity was expressed as light units (1i10$ bacterial cells) − ". A single culture was used for the screening experiment. For subsequent experiments with the selected clones, results were expressed as the mean of three independent cultures.
Infection of the macrophage cell line. Human THP-1 macrophage (ATCC TIB 202) cells were cultured in Dulbecco's modified Eagle's medium (DMEM ; G MAX ; Life Technologies) with 10 % fetal bovine serum (Life Technologies). THP-1 cells were differentiated by incubation for 3 days in 24-well plates in 0n5 ml of culture medium containing 5 ng phorbol myristate acetate ml − ", which was removed and replaced with fresh DMEM plus 10 % fetal calf serum prior to infection of the macrophage cells by the addition of M. bovis BCG Pasteur clones at an m.o.i. of 10. After the required length of time (at least 2 h), the medium was removed and the THP-1 cells were washed twice with 0n5 ml of PBS, to remove extracellular bacteria. The THP-1 cells were then disrupted with 0n0025 % (w\v) SDS. The number of BCG cells in the lysate was estimated by viable counts of serial dilutions, and the β-galactosidase levels were assayed by the Galacto-Light Plus procedure following disruption of the bacteria, as described above. The β-galactosidase activity was expressed as light units (1i10$ bacterial cells) − ", using the mean of three independent THP-1 infections. The significance of the differ- Sequencing of each clone. The M. tuberculosis H37Rv DNA insert in the selected clones was amplified by PCR, using primers from the flanking vector sequence, and sequenced bidirectionally. The DNA sequences identified were compared against the M. tuberculosis H37Rv genome sequence (Cole et al., 1998 ; http :\\www. sanger.ac.uk\Projects\MItuberculo-sis\) using  (http :\\www.ncbi.nlm.nih.gov\BLAST\).
Quantitative real-time RT-PCR. All primers used for the quantitative real-time RT-PCR were designed on the Primer Express software (version 1.0 ; Perkin Elmer) (see Table 1 ). RNA was obtained from M. tuberculosis H37Rv after culturing in either 7H9 liquid medium or DMEM plus serum (controls), and from M. tuberculosis H37Rv recovered from THP-1 cells (m.o.i. of 10). After the required length of time, the controls were pelleted (centrifugation at 3000 g for 10 min) and resuspended in 500 µl of 4 M acidified guanidinium isothiocyanate. Macrophages were lysed by the addition of 4 M acidified guanidinium isothiocyanate, and the M. tuberculosis H37Rv was pelleted and resuspended in 500 µl of 4 M acidified guanidinium isothiocyanate. The bacterial suspension was added to a mixture containing 500 µl acidified phenol, 100 µl chloroform\isoamyl alcohol (24 : 1, v\v) and 200 µl acidified Divolab no. 1 (Diversey). It was then processed immediately in a Hybaid Ribolyser at speed 4n0 for 40 s and cooled on ice for 1 min. Cell debris was removed by centrifugation, and the aqueous layer was extracted with an equal volume of chloroform\isoamyl alcohol (24 : 1, v\v). The aqueous layer was then transferred to a fresh tube and the RNA was precipitated with 500 µl of a 2-propanol\3 M sodium acetate\linear acrylamide solution (0n3 ml 3 M sodium acetate, pH 4n0; 49n7 ml 2-propanol ; 50 ng linear acrylamide). The precipitate was resuspended in diethyl-pyrocarbonatetreated water. The total RNA levels of each preparation were estimated by comparison to a standard RNA marker (Promega), using gel electrophoresis to visualize the RNA. RNA levels amongst the preparations were then adjusted to provide equivalent amounts of RNA for RT-PCR. As an additional control, Rv2703 (SigA\rpoV) was included as an example of a gene that is not considered to be upregulated during infection (Manganelli et al., 1999) . The RNA preparations were treated with excess RNase-free DNase and reverse transcribed using random hexamer primers (Gibco-BRL). The SYBR Green reporter system (Perkin Elmer) was used, as described by the manufacturer, and all real-time PCRs were carried out on an ABI PRISM 7700 Sequence Detection System (Perkin Elmer) using MicroAmp Optical 96-Well Reaction Plates and Optical Caps (Perkin Elmer). The following PCR conditions were used : 40 cycles at 60 mC for 30 s and 95 mC for 30 s. The C T values (number of cycles needed for a detectable signal) were converted to amounts of cDNA template by using standard curves for each primer pair.
RESULTS

Library construction and preliminary screening
A library of partially digested M. tuberculosis H37Rv genomic DNA was constructed in the shuttle promoterprobe vector pUS1800 ( Fig. 1 ), as described in Methods.
The mean size of the inserted DNA fragment in a sample of the library of transformed E. coli clones (as determined by PCR) was 400 bp, with the maximum and minimum insert sizes being 1n5 kb and 150 bp, respectively. Plasmid DNA was purified from pooled E. coli transformants and, after electroporation of M. bovis BCG Pasteur with the amplified plasmid library, 4800 random individual BCG clones were picked and arrayed in a 96-well format.
To enrich the library for a subset of the promoters that are potentially upregulated within macrophages, preliminary screening of the library was carried out using acidified sodium nitrite (0n5 mM NaNO # at pH 5n4), to represent one of the potential stimuli that may affect mycobacterial gene expression within macrophages. The arrayed library was replicated in liquid and solid media containing X-Gal, and the level of lacZ expression of each clone was estimated visually by comparison to a standard colour chart.
In this initial screen, 300 clones were identified (200 from liquid media and 100 from agar plates) which appeared to exhibit different levels of lacZ expression in the presence of acidified sodium nitrite, compared to the controls at pH 5n4 and 6n6. These clones were retrieved from the master plates and were assayed individually, using the Galacto-Light Plus procedure described in Methods. Amongst those clones subsequently identified as likely to contain natural promoters (see Table 2 ), greater than 10-fold induction was observed for clone 302 (Rv1852 ; UreG) at low pH, and greater than 10-fold induction was observed for clones 222 (Rv3174 ; putative oxidoreductase), 234 (Rv2921c ; FtsY) and 281 (Rv1658 ; ArgG) in the presence of acidified sodium nitrite. Clone 320 (Rv0457c) showed apparent induction under both conditions, but from an almost undetectable base level. Mycobacterium tuberculosis gene expression It should be remembered that these data do not necessarily reflect the behaviour of these promoters in their natural environment. The design of this experiment precludes accurate quantitative comparisons of promoter strength between clones, but it is worth noting that clone 233 produced much higher levels of β-galactosidase activity under control conditions than any other clone (including a positive control carrying a characterized hsp60 promoter). This clone contains most of the intergenic region between argV (encoding tRNA Arg ) and argS (encoding arginyl-tRNA synthetase ; Rv1292), and is oriented towards argV. Although this promoter did not show significant induction, it may prove to be useful as a strong constitutive promoter for gene expression in mycobacteria.
Of the 300 clones screened, 43 exhibited an apparent induction ratio of greater than 3 at pH 5n4, when compared to the control at pH 6n6, whereas 31 showed an apparent induction ratio of greater than 3 in acidified sodium nitrite. In total, 53 clones showed this level of apparent induction under one or both conditions. These 53 clones were selected for further investigation, but 12 of them failed to grow and were discarded. Consequently, 41 clones were studied further (identified in Table 2 ).
Sequence data
The M. tuberculosis H37Rv DNA inserts in each of the 41 M. bovis BCG clones were sequenced bi-directionally, and their identity and location within the M. tuberculosis genome was determined by comparison with the complete M. tuberculosis H37Rv genome sequence (Table 2) . Of the sequenced clones, 15 contained fragments of M. tuberculosis H37Rv DNA that were considered unlikely to represent natural promoters, since they were either entirely internal to predicted ORFs or, as in one case, comprised an intergenic region of M. tuberculosis H37Rv DNA located between two converging genes. However, it is possible that at least some of these clones do contain genuine promoters -it is not impossible for a genuine promoter to exist within a coding sequence and, in addition, the actual translated sequences may differ from the ORFs predicted in the genome sequence due to the use of alternative translational start sites. It should be noted that clone 7 in particular, which contains a fragment internal to the predicted ORF Rv1508c, was amongst the most active of the promoterprobe clones, and that inspection of the M. tuberculosis H37Rv genome sequence shows a potential ribosomebinding site and start codon at this position within the predicted Rv1508c region. § P 0n01 for the significance levels of the difference between the β-galactosidase level per cell in macrophage-derived bacteria when divided by that found in bacteria cultured in DMEM plus serum. R P 0n001 for the significance levels of the difference between the β-galactosidase level per cell in macrophage-derived bacteria when divided by that found in bacteria cultured in DMEM plus serum. ¶ Clone 188 has a second insert, internal to Rv3856c.
The remaining 26 clones all contained sequence upstream from predicted M. tuberculosis H37Rv genes that was in the correct orientation for driving the expression of the lacZ reporter gene on the plasmid. They can therefore be regarded as containing putative genuine promoters.
β-Galactosidase expression in macrophages
The 41 BCG clones that showed an induction ratio of greater than 3 were used to infect cultures of human and mouse macrophage-like cell lines (THP-1 and J774 cells, respectively). At 2 and 24 h post-infection, bacteria were recovered from infected macrophages and were assayed for β-galactosidase activity, using Galacto-Light Plus. Control cultures of the BCG clones in DMEM plus serum were also assayed at 2 and 24 h post-inoculation. M. bovis BCG carrying the parental, promoterless plasmid pUS1800 was used as a negative control. There was no detectable β-galactosidase expression from M. bovis BCG carrying the parental, promoterless, plasmid pUS1800, when grown under any of these conditions. The results obtained with THP-1 cells are presented in Table 2 in the form of induction ratios at 2 and 24 h post-infection, using a single culture (assayed in triplicate) in each case. Of the 41 clones, 11 showed a significantly higher (P 0n01) level of β-galactosidase activity when grown in THP-1 cells than when grown in DMEM plus serum, at one or both time points. Ten of these 11 clones (the exception being clone 200) also showed significant induction of β-galactosidase activity in the mouse macrophage cell line, J774 (data not shown). Since the effects on induction were similar in both types of cells, subsequent experiments were carried out with THP-1 cells only.
Eight clones that showed significant upregulation of β-galactosidase activity in THP-1 cells (compared to the DMEM plus serum control) contained gene fragments that represented potential natural promoters (Table 2) . These eight clones represented approximately 20 % (8 out of 41) of the clones selected by the enrichment procedure.
The set of clones showing upregulation of β-galactosidase expression in THP-1 cells included clone 166, whose sequence contained a region upstream from Rv0440 (hsp60\groEL2). The expression of Rv0440 has been shown to be upregulated during infection (Batoni et al., 1998) . However, two further clones (278 and 291) carrying fragments upstream from Rv0440 did not show significant induction upon infection of THP-1 cells. Although all three clones contain the transcription start sites identified by Stover et al. (1991) , the two latter clones, which are identical, carry a shorter insert than R. J. Hobson and others Table 2 for more details.
that present in clone 166, which may account for the difference in their regulation.
Three clones (175, 176 and 239) were selected for more detailed analysis, using independent replicate cultures. The levels of β-galactosidase activity obtained from these clones, grown for different lengths of time in 7H9, in DMEM plus serum and in THP-1 cells, are shown in Fig. 2 . At 12 and 24 h post-inoculation, all three clones showed a significantly higher level of β-galactosidase activity in THP-1-derived bacteria than that seen in bacteria grown in 7H9, with induction ratios at 24 h post-inoculation increased by two or more orders of magnitude. When compared to the bacteria grown in DMEM plus serum, the induction ratios for the three clones were less marked, suggesting the possibility that the serum was contributing to the induction. However, after 24 h incubation, clones 175 and 176 did show a significantly higher level of β-galactosidase activity in THP-1 cells than that seen when they were grown in DMEM plus serum [ratios 184 (Pl0n0001) and 10n8 (Pl0n006), respectively]. Clone 239 showed an apparent induction with respect to serum that was similar to that of clone 176, but it was statistically less significant (ratio 10n3, Pl0n07). Although, quantitatively, these induction ratios do not all correlate with the less rigorous data in Table 2 , both sets of data are consistent with the suggestion that β-galactosidase production in these clones is enhanced during macrophage infection.
Quantitative real-time RT-PCR
Reporter plasmids do not necessarily reflect accurately the regulation of the associated genes in the original host. Not only is the context of the promoter different, but gene dosage effects may also be significant. Therefore, the expression of genes Rv0302, Rv2711 and Rv1265 (corresponding to clones 175, 176 and 239, respectively) within macrophages was examined directly, using quantitative real-time RT-PCR. The levels of specific mRNA were assayed 24 h after infection of THP-1 cells by M. tuberculosis H37Rv ; they were also assayed for controls cultured in DMEM plus serum and in 7H9 broth. Standardized amounts of RNA were used for comparison to the test samples, to allow estimation of the RNA present in each sample. Results 2 h postinfection were not significantly different from those at 24 h post-infection (results not shown). Fig. 3 Mycobacterium tuberculosis gene expression results expressed, for each gene, as the ratio of the estimated amount of template under each condition to that of the 7H9-grown culture. Differences in PCR efficiency made it impossible to standardize the data to the sigA control template ; however, it was apparent that there was no significant difference in the C T value (the number of cycles required for detection of a signal) for sigA for each sample, which is consistent with the presence of similar amounts of RNA in each sample. The data for Rv2711 (which encodes the iron-dependent regulator IdeR) suggest significant induction of Rv2711 expression in macrophage-grown cells when compared to those grown in 7H9 (26-fold induction ; Pl0n01). This correlates with the enhanced β-galactosidase levels seen in the corresponding promoter-probe clone, 176 (Fig. 2) . There also appeared to be induction of Rv2711 in cells grown in DMEM plus serum (11-fold induction ; Pl0n02), suggesting a degree of induction in the presence of serum. Correspondingly, there was less difference between the THP-1 and DMEM plus serum induction values, as was also found in the β-galactosidase assays for the corresponding promoterprobe clone. The data for Rv1265 (which encodes a protein of unknown function) also indicate induction within the THP-1 cells, when compared to the 7H9 and the DMEM plus serum controls (35-fold and eightfold induction, respectively ; Pl0n005 in both cases). There was no significant induction in the serum-containing control. The other gene tested, Rv0302 (encoding a protein with unknown function and corresponding to clone 175), did not show any significant differences in its template level in any of the samples. The apparent induction of clone 175, seen previously in the β-galactosidase assays, may therefore not reflect the true regulation of this promoter ; alternatively, the contrast could arise from differences in the conditions of the two experiments. In particular it should be noted that the β-galactosidase assays (Fig. 2) were performed using reporter plasmids in BCG, whereas the RT-PCR data (Fig. 3) are from experiments with M. tuberculosis H37Rv. It is therefore possible that there is a strain-dependent difference in the regulation of this promoter.
DISCUSSION
The methodology described herein is an effective approach for identifying M. tuberculosis promoter fragments whose activity responds to changes in environmental conditions. The arrayed library represents a resource that is readily applicable to studying the effects of a wide range of environmental stimuli, including anaerobic growth and conditions that simulate dormancy, as well as the effects of the presence or absence of specific nutrients such as iron. The promoter-probe approach may enable the detection of promoters that are activated only transiently, which can be difficult to detect by mRNA-based methods. In addition, the use of reporter fusions facilitates the identification of promoters that exhibit modest changes in activity ; for example, most of those identified by Triccas et al. (1999) and Barker et al. (1998) showed less than threefold induction. In this study, we used an in vitro screen for detecting enhanced expression of the lacZ gene in the presence of acidified sodium nitrite, to enrich a library for a subset of the promoters that are potentially upregulated within macrophages.
Of the clones identified as exhibiting upregulated expression of lacZ during the in vitro screens, 41 were further screened in macrophage infection studies and were subsequently characterized by sequencing. By virtue of their position on the M. tuberculosis genome, 15 of these clones were considered unlikely to represent genuine promoters (although it can not be ruled out), whereas 26 contained DNA sequence upstream from predicted genes in the correct orientation to drive transcription. Eleven clones showed evidence of induction in macrophages, indicating that the screening procedure used was successful in enriching for macrophage-regulated promoters. However, it must be emphasized that this strategy was not designed to obtain a complete set of all macrophage-regulated promotersthose promoters responding to stimuli other than those used in this enrichment procedure will not be represented. Furthermore, the genes identified as adjacent to the macrophage-regulated promoters are not the only ones potentially regulated by them, as some of the promoters may control polycistronic operons.
Amongst the clones showing evidence of induction in THP-1 cells was one clone (166) that contains part of the promoter fragment for Rv0440 (hsp60\groEL2). The expression of Rv0440 has been shown to be upregulated during infection (Batoni et al., 1998) . However, two further clones from our collection (278 and 291) with a shorter fragment upstream from Rv0440 did not show significant induction in THP-1 cells, suggesting that the region missing from these clones is necessary for effective induction.
In three cases (Rv0302, Rv2711 and Rv1265 corresponding to clones 175, 176 and 239, respectively), the expression of the gene controlled by the putative promoter was directly assayed by quantitative real-time RT-PCR. Promoter clone 175 (in BCG) showed significant β-galactosidase induction in THP-1 cells, whereas the RT-PCR data for the corresponding gene, Rv0302 (in M. tuberculosis H37Rv), showed no evidence of significant induction in macrophages under the conditions assayed. This may indicate that the induction of the promoter clone was an artefact. Alternatively, the contrast may be due to differences in the conditions used for the two experiments, including the possibility that the regulation of this gene differs between BCG and M. tuberculosis H37Rv. Such a difference has previously been observed with the response regulator gene mtrA, where an mtrA-gfp transcriptional fusion in BCG was induced on entry into macrophages, but showed constitutive expression in M. tuberculosis H37Rv (Via et al., 1996 ; Zahrt & Deretic, 2000) . The function of the product of gene Rv0302 is not known, although it has R. J. Hobson and others some sequence similarity to regulatory proteins such as AcrAB of E. coli.
The data obtained from the β-galactosidase assays of promoter clone 239 and the real-time RT-PCR of its corresponding gene, Rv1265, suggest that the expression of this gene is indeed upregulated during infection of macrophages by M. tuberculosis. The function of the predicted product of Rv1265 is not known.
Consistent evidence of macrophage induction was also seen with promoter clone 176 and its corresponding gene, Rv2711. Rv2711 encodes the iron-dependent repressor IdeR (Schmitt et al., 1995) , which has been shown to be a homologue of the diphtheria toxin repressor (DtxR) and is responsible for repressing siderophore biosynthesis in the presence of iron. However, it is necessary to distinguish the regulatory effects of IdeR on other genes from factors that may influence the expression of ideR. Whilst there is no published evidence of the regulation of expression of ideR itself, our results suggest that it is upregulated within macrophages and possibly also in serum-containing medium. This upregulation could be a consequence of iron deprivation, which is likely to occur in both situations. However, there is not a clear role for enhanced production, under low iron conditions, of a negative regulator of iron uptake processes.
Conversely, Gold et al. (2001) have shown that IdeR is a pleiotropic regulator of gene expression in M. tuberculosis, capable of positive as well as negative regulation, with many of the potential IdeR-regulated genes having no obvious relationship to iron metabolism. This raises the possibility that iron limitation may be a recognition signal for the intracellular environment, resulting in changes in other characteristics, such as membrane structure (Gold et al., 2001) . Furthermore, Dussurget et al. (1996) found that M. smegmatis ideR mutants are more sensitive to oxidative stress, suggesting that IdeR couples iron metabolism to the oxidative-stress response, although Gold et al. (2001) did not find IdeR boxes upstream from M. tuberculosis genes annotated as oxidative stress detoxifying enzymes. The potential for a broader role of IdeR in regulating mycobacterial gene expression provides a possible role for enhanced expression of this gene in such situations. The role of IdeR, and the nature of its regulation, therefore warrants further study, as does the function and regulation of Rv1265, which is also a candidate as a possible virulence factor. The use of allelic replacement to establish strains lacking these genes, or producing modified proteins similar to the iron-independent variant DtxR (Sun et al., 1998 ; Manabe et al., 1999) , and investigation of the ability of such mutants to survive and grow within the macrophage, would enable investigation of the roles of these genes in intracellular existence.
Further screening of the clone library detailed in this study under alternative in vitro conditions, and further characterization of the identified clones, will be a valuable way of identifying not only potential virulence determinants but also of identifying mycobacterial promoters that respond, even transiently, to different environmental conditions.
